ABSTRACT Prefix-based multicarrier transmission is in wide application in current wireless communications, at the expense of extra redundancy and reduced spectral efficiency. In this contribution, we propose a novel hybrid prefix (HP) structure, which can offer higher spectral efficiency for orthogonal frequency division multiplexing (OFDM) based future wireless communications, such as 5G and beyond systems. Compared with the conventional prefix aided OFDM scheme, the proposed HP-OFDM scheme is capable of reducing the average length of the prefix with the aid of a proposed low-complexity detector for efficient signal restoration. We also quantify the signal to interference plus noise and the achievable rate of the proposed HP-OFDM scheme through a theoretical analysis. Furthermore, the bit-error rate (BER) of the proposed HP-OFDM is also theoretically derived. Our scheme results demonstrate that HP-OFDM is capable of reducing the prefix overhead by 50% compared with prefix-aided OFDM, while achieving a BER comparable to that of prefix-aided OFDM.
I. INTRODUCTION
In the 40-year research history of orthogonal frequency division multiplexing (OFDM) [1] , [2] , the prefix [3] , such as the cyclic prefix (CP) and zero prefix (ZP), has played an important role in combating multipath fading in wireless communications. In the context of multipath fading, the transmit symbols are convoluted with the multipath coefficients, resulting in serious inter-symbol interference (ISI) in the OFDM system. Thus, employing a prefix whose length is larger than the maximal multipath spread is one of the most basic methods used to mitigate the interference between adjacent OFDM symbols. Furthermore, with the aid of a prefix, the convolution of an OFDM symbol with the multipath coefficients becomes cyclic convolution, which facilitates low-complexity equalization in the frequency domain at the receiver side.
Due to the aforementioned benefits, prefix-aided OFDM techniques began to find their way into various wireless standards such as the 802.11 wireless local area network (WLAN) and worldwide interoperability for microwave access (WiMAX) [4] . Most importantly, prefix-aided OFDM and other correlative multicarrier techniques have been adopted in the long-term evolution (LTE) system such as 4G [5] , where prefix-aided OFDM and single carrier frequency division multiple access (SC-FDMA) [6] are chosen for downlink and uplink transmission, respectively.
Recently, 5G research [7] - [10] poses a new challenge to design efficient multicarrier waveforms towards future wireless communications. Considering the demand of extremely high spectral efficiency for 5G and beyond systems, unfortunately, the current prefix-aided multicarrier technique will induce redundancy to OFDM signals, leading to the degradation of the spectral efficiency. Especially, for the multipath environment with a large maximal delay spread, the desired prefix length will also be considerably extended which will significantly impact on the spectral efficiency.
The aforementioned problem has attracted considerable research efforts in recent years. One way is to directly abandon the prefix at the transmitter side, at the cost of complex signal equalization [11] - [16] . However, the increased computational complexity would cause a heavier implementation burden to the system. Furthermore, inferior channel estimation remains another stumbling problem, since it is difficult to maintain contaminated pilot symbols while maintain the prefix-free structure [12] . For example, OFDM-OQAM [15] , [16] has recently been considered as a candidate transmission technique in lieu of traditional OFDM. However, the high complexity and interference to the pilot symbols limit its practical applications.
Another direction of research is to find an efficient way to shorten the length of prefix. Specifically, vector OFDM was proposed by Xia in [17] for reducing the ratio of the prefix. Multisymbol encapsulated (MSE) OFDM was proposed in [18] with a shorter prefix by a combining time and frequency domain equalization. Recently, generalized frequency division multiplexing (GFDM) [19] , [20] was developed with a shortened prefix at the expense of high-complexity signal detection. In general, the above techniques will also face the problem of ISI caused by inadequate prefix. Therefore, computational complexity should be traded off to multipath fading, for recovering contaminated pilots, and for dealing with the joint interference when combined with multi-input multi-output (MIMO) technology [21] .
Against the above background, the motivation behind this paper is to develop a class of novel hybrid prefix (HP) OFDM systems with a shortened prefix, while introducing a moderate performance loss and a slight complexity increase. Specifically, the essential idea behind this paper is to insert the prefix only before half of the OFDM symbols so as to reduce the ratio of the prefix and to enhance spectral efficiency. The signal to interference plus noise ratio (SINR) and achievable rate are derived through a theoretical analysis to quantify the performance loss of the proposed system. Then the BER performance is also analyzed. Furthermore, to mitigate the influence of ISI, we propose a low-complexity detector alongside a complexity analysis. We show that the proposed HP-OFDM scheme can achieve a similar performance to conventional OFDM, while maintaining a comparable computational complexity.
The remainder of this paper is outlined as follows. In Section II, the transmitter and the frame structure of the proposed system are introduced. Then in Section III, a theoretical analysis of the SINR and achievable rate is given. Then the SINR in the frequency domain and the BER performance of HP-OFDM without DFE (detection feedback equalizer) is derived in Section IV. In Section V, the HP-OFDM receiver structure is introduced, and the signal detection procedure is described with the complexity being analyzed subsequently. Our numerical results and comparisons are outlined in Section VI, followed concluding remarks presented in Section VII.
Notation: We use boldface variables to denote matrices and vectors, (·) T and (·) H for the transpose and the conjugate transpose of a vector/matrix, respectively. Furthermore, E {·} and Tr {·} are the expectation and trace operators, respectively. Additionaly, I N represents the N × N identity matrix. Unless otherwise stated, the superscript and subscript denote the symbol index and the subcarrier index in the frequency or the time slot index in the time domain, respectively. 
II. TRANSMITTER OF THE HP-OFDM SYSTEM
The transmitter schematic of the HP-OFDM system is shown in Fig. 1 . For the HP-OFDM system, the information bits are first modulated into constellation points by amplitude and phase modulation (APM) such as phase shift keying (PSK) and quadrature amplitude modulation (QAM). Then the modulated symbols undergo the inverse fast Fourier transform (IFFT) to construct OFDM symbols. For the convenience of exposition, we split the time indexes of the OFDM symbol into even indexes as 2i and odd ones as 2i − 1, where i is an integer. Therefore, assuming N is the number of total subcarriers, the OFDM symbols in the time domain are expressed as
where X 
Compared to conventional CP-OFDM, cyclic prefixes are added discontinuously in the proposed system. Note that the proposed scheme can be adopted in any prefix-assisted OFDM system including CP and ZP. In this paper, we consider CP as an example. Specifically, only the even-indexed OFDM symbols x (2i) are inserted with the CP. In this case, the OFDM symbols after hybrid CP insertion can be described as
and
where N g is the length of the cyclic prefix. According to the above description, the diagram for the HP-OFDM frame structure is portrayed in Fig. 2 , which can be viewed as a simplified frame structure of CP-OFDM with a reduced number of CPs.
For the convenience of exposition, in the remainder of this paper, x (2i) to as the ''white symbol'' vector, and x (2i−1) as the ''black symbol'' vector, where the white symbols are embedded with CPs, and thus not affected by ISI, while the black symbols are without CPs and will be contaminated by ISI. In this case, HP-OFDM offers a flexible configuration for the system design. On the one hand, accurate channel estimation can still be achieved by inserting pilot symbols in the white symbols to avoid ISI. On the other hand, the perfect detection of white symbols is convenient for estiminating the ISI to the black symbols, which will efficiently simplify the procedure of signal restoration.
III. THEORETICAL ANALYSES OF THE SINR AND ACHIEVABLE RATE
This section focuses on deriving the SINR of the proposed HP-OFDM system through a theoretical analysis. We first derive closed-form expressions of the SINRs of the white and black symbols in the HP-OFDM system. Then, based on the analytic results of the SINR, the achievable rate of HP-OFDM is obtained.
A. SINR ANALYSIS IN THE TIME DOMAIN 1) TIME-DOMAIN SINR FOR THE WHITE SYMBOL As shown in Fig. 2 , after the CP is discarded from the received time-domain symbol r (2i) , the received white symbol y
where (·) N represents the modulo operation, τ l is defined as the delay in the l-th path, L denotes the length of the time-domain channel impulse response (CIR) with
, and w (2i) n refers to the additive white Gaussian noise (AWGN) which is independent identicallydistributed (i.i.d) with zero mean and variance σ 2 w . Eq. (5) can be rewritten in matrix form as
where the time domain channel matrix h (2i) is defined as
and the noise vector w (2i) is written as
Note that for the white symbol, the SINR is equal to the signal-to-noise ratio (SNR), since the ISI is removed by the CP. Thus, the SINR of the white symbol is expressed as
where F is the Fourier transform matrix.
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Substituting (9) into (8) gives rise to the following SINR expression
2) TIME-DOMAIN SINR FOR THE BLACK SYMBOL Similarly, after the CP is removed, the received black symbols can be written as
where
denotes the interference of the (2i − 2)-th symbol to the (2i − 1)-th one. Considering the extension of the current symbol by the multipath delay, (11) can be further expressed as
And the matrix form of Eq. (12) is given by
where −ĥ (2i−1) x (2i−1) represents the interference to the next white symbol, which has been removed alongside the CP.
denotes the interference from the previous white symbol, and
Note thatĥ (2i−2) has the same structure asĥ (2i−1) . Hence the expression ofĥ (2i−2) can be achieved through (14) and (15). In general, the SINR of the black symbols can be achieved as given by (16) at the top of next page.
B. ACHIEVABLE RATE OF HP-OFDM
According to (10) , a lower bound on the achievable rate of the white symbols can be obtained as
where the term
represents the rate loss due to the CP overhead.
On the other hand, a lower bound on the achievable information rate of the black symbols employing (16) is calculated by (18) , as shown at the top of the next page.
C. COMPARISON OF THE SINR AND ACHIEVABLE RATE
In this subsection, we compare the SINR and achievable rate of the proposed HP-OFDM and conventional OFDM systems. The LTE EVA fading channel is considered and the detailed simulation parameters are listed in Table 1 .
Assume N = 1024 and QPSK modulation is employed. Fig. 3 (a) compares the theoretical and simulation results of the SINRs of the white and black symbols in the integrated HP-OFDM system. It is shown that the theoretical curves match well with the simulation counterparts, which validates 
Tr E ĥ(2i−1)
the theoretical derivation of SINR. Furthermore, the black symbols are subject to performance degradation in SINR owing to the absence of the cyclic prefix. Fortunately, this predicament can be resolved by the proposed Hybrid-CP OFDM receiver in Section V, which can effectively nullify the performance degradation caused by the interference. Fig. 3 (b) shows the theoretical achievable rates of the white, black symbol and whole symbols with ZF equalization for various levels of E b /N 0 . On the one hand, noise plays a dominant role in low E b /N 0 . On the other hand, since the residual interference dominates, the performance of the black symbols rapidly saturates with the increase of E b /N 0 . This result reveals the fact that although we can achieve a higher spectral efficiency is attained by reducing the CP overhead, the transmission rate is reduced, which will be negated by the novel decision feedback equalizer proposed in Section V.
IV. BER ANALYSIS OF HP-OFDM WITH ZF DETECTOR
In this section, we focus on deriving the BER of the proposed HP-OFDM system with traditional ZF equalization adopted in the traditional OFDM system. First of all, the SINR expressions for the white and black symbols in the frequency domain are analytically derived. Then, the BER performance is derived.
A. SINR IN THE FREQUENCY DOMAIN 1) FREQUENCY-DOMAIN SINR FOR THE WHITE SYMBOLS
The frequency domain expression of (5) is given by
where the superscript explicitly indicates the index of the symbols, k denotes the subcarrier index, while H
represent the channel impulse response, modulated constellation points and AWGN noise in the frequency domain, respectively.
Consequently, the mean SINR at the subcarrier index k of the white symbols is written as
2) FREQUENCY-DOMAIN SINR FOR THE BLACK SYMBOLS
According to (12) , the frequency-domain expression of the black symbols can be written as
represents the Fourier transforms of
(n+N −τ l ) , which can be expressed as
Similarly, the mean SINR of the black symbols is given by
Without loss of generality, we assume h l are independent and identically distributed random variables. Then, substituting (25) into (24) gives rise to
Hence, (23) can be further simplified to
(27)
B. BER ANALYSIS
With the achieved SINR in the frequency domain, we could further analyze the BER performance of HP-OFDM in multipath Rayleigh fading channels.
Assuming M -QAM is adopted, the theoretical BER in the AWGN channel is given by [23] 
denote the bit-to-noise ratio and signal-to-noise ratio, respectively. Furthermore, we have
In the Rayleigh channel, since the real and imaginary parts of h l obey Gaussian distribution, we assume E {Re {h l }} = E {Im {h l }} = 0 and E |Re {h i (l)}|
Owing to the fact that the DFT/IDFT is a linear operator, the real and imaginary parts of H k also obey the Gaussian distribution, whose mean and variance are expressed as
With the achieved SINR in the frequency domain, we can derive the instantaneous SINR of the white symbols according to (20) , yielding
Since γ
k,f obeys the Chi-squared distribution, its PDF is expressed as
where α e = 1/σ 2 w . We follow the method used in (28) and invoke (32) and (33). Therefore, the BER of the white symbols can 
Consequently, (34) can be rewritten as
According to (27), we derive the instantaneous SINR of the black symbols as
In order to facilitate the derivation of the BER of the black symbols, according to the statistical characteristics of the fading channel, we simplify (26) into symbols is expressed as
Since the white and black symbols are equally spaced in the HP-OFDM system, the overall BER formula is obtained as
C. ANALYSIS RESULTS
In this subsection, the analytical BER results of HP-OFDM are compared with their simulated counterparts in the LTE EVA fading channel as shown in Table 1 . Fig. 4 compares the theoretical and simulated BER results of HP-OFDM with the traditional ZF detector. On the one hand, as expected, the overall BER expression derived in (40) matches well with the simulation results, as well as the BER expressions for the black and white symbols in (36) and (39), respectively. On the other hand, it is shown that the BER performance of the black symbols would markedly worsen due to the absence of the prefix, which motivates us to design an appropriate DFE for the HP-OFDM receiver to improve on the BER performance, in the forthcoming section. 
V. RECEIVER OF HP-OFDM WITH AN IMPROVED DETECTOR A. HP-OFDM DETECTOR
Before describing the receiver structure, we first deal with the ISI term as depicted at the bottom of Fig. 2 , which is the critical term for restoring the signals. Denote by I (k 1 ,k 2 ) the interference of the k 1 -th symbol to the k 2 -th one.
Next, we define the convolution of the transmit symbols and the channel multipath coefficients as
where * indicates the convolution operator.
Based on the above expressions, the interference terms are given by
Therefore, in the following descriptions of the receiver, the key is to construct the interference term which is unknown at the receiver so as to restore the transmit signals.
Assume that synchronization is ideal and the channel state information (CSI) is perfectly known at the receiver. As shown in Fig. 2 , the received time-domain symbol vectors with even and odd indexes can be described as
T according to (45)-(46) which are the valid data of the current symbol without interference.
As shown in Fig. 2 , on one hand, without the cyclic prefix, the black symbol y (2i−1) will be influenced by the previous white symbol y (2i−2) , where the ISI term is written as I (2i−2,2i−1) . On the other hand, the black symbol y (2i−1) will also influence the next white symbol y (2i) and the ISI term is written as I (2i−1,2i) . Considering the received white symbols y (2i) and y (2i−2) can be easily detected by the traditional zero forcing (ZF) equalizer as in traditional CP-OFDM, The goal of the proposed equalizer is to detect the black symbol y (2i−1) by restoring the ISI terms as I (2i−2,2i−1) and I (2i−1,2i) . Fig. 5 illustrates the signal detection procedure to obtain the estimates of the primary signal.
The basic steps for the detector are expressed as follows.
Step 1: Remove the cyclic prefix to obtain the white symbol y (2i) in the time domain and then estimate the frequencydomain transmitted white symbolX (2i) aŝ
where W denotes the traditional ZF equalization matrix in OFDM and F refers to the Fourier transform matrix.
Step 2: ReconstructÎ (2i,2i+1) by utilizingX (2i) , wherê I (2i,2i+1) denotes the estimated interference of the 2i-th white symbol to the (2i + 1)-th black symbol. To achieve the above goal, we first convert the frequency domain signalX (2i) into the time domain to achievex
Then we obtain the estimated ISI termÎ (2i,2i+1) through the following process as in (48)-(50).
Step 3: 
where r
is the k-th element of the 2i-th white symbol at the receiver.
Step 4: Reconstructr (2i−1) usingÎ (2i−1,2i) andÎ (2i−2,2i−1) which can be obtained by step 2 with utilizingX (2i−2) aŝ
The detection of the (2i − 1)-th black symbol will employ the information of the (2i − 2) and 2i-th white symbols from (52). Upon substituting (51) andÎ (2i−2,2i−1) into the above equation, we can obtain the reconstructed time-domain received symbolŷ (2i−1) to estimate the frequency-domain transmitted black symbolX (2i−1) aŝ
Through the above process, one achieves the estimated APM constellation pointsX (2i) andX (2i−1) . Finally, APM demodulation will be employed to recover the information bits.
B. COMPLEXITY ANALYSIS
In this subsection, the complexity of the proposed equalization algorithms is analyzed in terms of real-valued flops, including real-valued multiplications and real-valued additions. Specifically, a real-valued multiplication and addition are both considered as one real-valued flop. The computational complexity is detailed as follows, assuming the use of M -QAM modulation.
1) In step 1, the FFT needs 8N 2 + 2N flops and ZF equalization needs 8N flops. And demodulation needs 5MN flops; 2) In steps 2 and 3, for the even-indexed symbols, the IFFT requires 8N 2 + 2N flops, whileÎ (2i,2i+1) andÎ (2i−1,2i) need 6N g L + 4N g − 4 flops; 3) In step 4, reconstructing the white symbolsr (2i−1) needs 6L −6 flops, while restoringŷ (2i−1) needs 8N 2 + 16N flops. The demodulation needs 5M flops. The complexity of the proposed detector is summarized and compared to that of the conventional OFDM detector in Table 2 . We show that the computational complexity of the proposed detector is moderately higher. However, in the next section, we will show that the complexity of the proposed system is still comparable to conventional OFDM due to the proposed HP structure. 
VI. SIMULATION RESULTS
We evaluate the performance of HP-OFDM versus that of conventional OFDM, and present BER and complexity comparison results. The LTE EVA multipath fading channel is adopted, and the simulation parameters are given in detail in Table 1 . Synchronization is assumed to be perfect and accurate channel state information is supposed to be available at the receiver. As shown in Table 1 , we consider an OFDM system with symbol lengths N = 128, 1024 and the CP length N g = 40. We utilize the ZF-aided receiver for conventional OFDM and the proposed equalization aided receiver for HP-OFDM. Fig. 6 (a) compares the BERs of HP-OFDM and conventional OFDM with N = 1024 and QPSK modulation. We show that without the aid of signal restoration, HP-OFDM will be subject to a considerable performance degradation. However, when the proposed detector is employed, there is no severe performance degradation but a slight difference that is negligible over the entire range of E b /N 0 under consideration. Furthermore, a complexity comparison between HP-OFDM and conventional OFDM is also shown in Fig. 6 (b) . From the above results we note that the proposed equalization algorithm employed in the HP-OFDM receiver imposes a higher but still comparable computational complexity as opposed to conventional OFDM. Fig. 7 presents similar results in the case of N = 1024 and 16QAM modulation. As expected, there is no big gap in BER between the two systems, and the HP-OFDM system induces a moderate increase in complexity. Fig. 8 depicts the BERs of HP-OFDM when the number of subcarriers N is reduced to 128. Under this configuration, the spectral efficiency of the system is further reduced with the decrease of N . As can be seen from Fig. 8 , the proposed HP-OFDM system is able to achieve a similar BER performance compared to its traditional OFDM counterpart with QPSK and 16QAM modulation.
Finally, for a fair comparison with other reduced-CP techniques, we evaluate and compare the overall BER performance of the proposed HP-OFDM systems employing the DFE and GFDM techniques [19] . The fading channels considered are the LTE EPA [22] and EVA channels, and the detailed simulation parameters are given in Table 3 . According to [19] , with the same number of subcarriers for both GFDM and OFDM, one GFDM symbol retains the same transmission efficiency as M OFDM symbols, assuming that the CP length of GFDM is M times that of OFDM. On the other hand, the CP length of HP-OFDM is only half of that of conventional OFDM. Therefore, for a fair comparison, with the CP length given in Table 3 , the two independent HP-OFDM and GFDM systems have an identical transmission rate. Fig. 9 depicts the BER versus E b /N 0 , when the number of subcarriers is N = 64 in the EPA and EVA channels. As can be seen from the figure, HP-OFDM offers a better BER performance compared with GFDM. Furthermore, according to the complexity analysis in Table 2 and [19] , it is evident that the complexity of the proposed HP-OFDM system is much lower compared to its counterpart.
The above simulation results advocate the unique advantages of the proposed HP-OFDM system in two aspects: (i) It effectively improves the spectral efficiency by 50% through halving the CP length of OFDM symbols. Meanwhile, the other half of the OFDM symbols can still be ISI free, which is convenient for transmitting the pilot symbols without the effect of ISI. (ii) It is beneficial to construct a low-complexity equalizer at the receiver side, by exploring the ISI-free data symbols. It has been shown that the extra complexity is moderate and comparable to that of conventional OFDM, while retaining an identical BER performance.
VII. CONCLUSION
In this paper, we proposed a novel HP-OFDM system, in which the cyclic prefix is only inserted for half of the OFDM symbols. Therefore, the spectral efficiency is improved by saving the CP overhead by 50% compared to traditional OFDM. The SINR, achievable rate and BER were derived, and a low-complexity equalization scheme was also developed. The performance of HP-OFDM was investigated and compared with conventional OFDM. Our results demonstrated that the proposed HP-OFDM system achieves almost the same BER performance with a comparable computational complexity compared to conventional OFDM. 
